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The Northwestern University team has had a continuing in teres t  i n  remote 
sensing of Geological Test S i t e  #126 (comprising the Marquette and 
Republic Troughs, Northern Michigan). The requested radar imagery 
has s t i l l  not been obtained by NASA but photographic imagery was made 
by Mission 72 i n  May 1968. During academic year 1967-68 Dr. C.  McA. 
Powell was working on our project (under a postdoctoral fellowship) ; 
he was i n  the f i e l d  ( t e s t  s i t e  #126) during Mission 72 t o  complete 
some general s t ruc tura l  observations. 
While i n  the f ie ld ,  D r .  Powell collected a l o t  of Siamo Slate samples. 
Study of these has shed considerable l i g h t  03 the general deformation 
and metamorphism of rocks within the Test Si te .  While not immediately 
relevant t o  the  remote-sensing ef for t ,  this research has direct  bearing 
on the development of the structures that were t o  be remotely-sensed. 
Also, the r e su l t s  a re  of suff ic ient  general sc ien t i f ic  in t e re s t  t o  
warrant presentation a t  t h i s  time. The work may be considered part 
of the sc i en t i f i c  ' f a l l  out '  from our main NASA ef for t .  
Some of this research was completed during the summer of 1969 af'ter 
D r .  Powell was appointed t o  the facul ty of the University of Cincinnati 
i n  September, 1968. 
ABSTRACT 
Re l i c t  diagenetic textures and s t ructures  i n  the Siamo Sla te  of 
Northern Michigan are  preserved i n  regionally metamorphosed rocks along 
the  northern f lank of the  Marquette Synclinoriurn. Essent ia l ly  nonmeta- 
morphosed, folded a r g i l l i t e s  and graywackes near Negaunee have a s teeply 
incl ined s l a t y  cleavage produced by tectonic dewatering. The cleavage 
i s  defined by t h i n  (0.01 mm) fo l i ae  of well-oriented phyl los i l i ca tes  
which separate thicker quartz-rich lenses i n  which phyl los i l i ca tes  a r e  
more randomly oriented. I n  places, the  layering produced by the c lea-  
vage f o l i a e  i s  accentuated owing t o  reconst i tut ion of the  i n t r a f o l i a l  
phyl los i l i ca tes  and t o  migration of s i l i c a  i n to  the i n t e r f o l i a l  lenses 
where it forms quartz overgrowths. Rounded d e t r i t a l  quartz grains a r e  
distinguished from optically-continuous quartz overgrowths by f l u i d  in-  
clusions, iron-oxide "dusttt, and minute s e r i c i t e  c rys ta l s .  
Subsequent t o  cleavage formation, the Siamo Sla te  was regional ly  
metamorphosed i n  zones which center on a sillimanite-grade node near 
Republic, Northern Michigan (~ames,  1955). The cleavage fo l iae ,  rounded 
d e t r i t a l  quartz grains with the overgrowths, and th in  bedding laminations 
p e r s i s t  i n  the Siamo Sla te  through a l l  metamorphic fac ies  ug t o  the  stau- 
r o l i t e  grade (near the westera end of the  Marquette ~ ~ n c l i n o r i w n ) .  Some 
of the  large, d e t r i t a l  quartz grains have polygonized i n t o  smaller equi- 
dimensional, non-strained subgrains. The metam~phism involved thermal 
recrys ta l l i za t ion  only, without producing preferred dimensional orienta- 
t i o n  of q w t z .  In  contrast  t o  c l a s s i c a l  Barrovian regional metamorphism, 
the Northern Michigan metamorphism involved no cataclas is ,  mineral orien- 
ta t ion ,  o r  sch is tos i ty  development. 
INTRODUCTION 
The Upper Peninsula of Morthesn Michigan has long k e n  the source of 
inspirat ion for  many important geological concepts. It was i n  Upper 
Michigan and adjacent pa r t s  of Wisconsin tha t  Van Hise (1904) developed 
h is  c l a s s i ca l  concepts of and anammphism. Van Hise's work 
---- 
i n  collaboration with Bayley and Smyth (1897) and Leith (1911) i s  one of 
the f ines t  and clearest  expositions of the geology of Northern Michigan, 
and the concepts developed form the basis fo r  s t ructural  geologg i n  North 
America i n  the ear ly par t  of t h i s  century. Leith (1905), working i n  
northern Michigan aad adjacent Wisconsin, produced his  def ini t ive paper 
on Rock Cleavage. Studies of the banded iron formation of northern 
--. - 
Michigan and other areas i n  the Lake Superior regio2 led  t o  soae of the 
most important conclusions on the origin of i ron formations (GO-rett, 1966; 
James, 1954, 1966), and mme generally on the coaposition of the primi- 
t ive atmos2here (~be l son ,  1966 ; Holland, 1962) . 
I n  1955, James described the dis t inct ive zonal arrangement of meta- 
morphic minerals associated with regio2a.l thermal domes. More recently, 
of regional dynamothermal metamorphism, and Ernst (1963, p. 132) described 
the zonal wrangement of isograds as  "a f a i r l y  typica l  example". Both 
Winkler and Ernst contended tha t  the  dis t inct ive feature of regional dyna- 
mothermal metamorphism i s  tha t  the rocks develop penetrative oriented 
mineral fabrics ,  It i s  the purpose of t h i s  paper t o  document r e l i c t  dia- 
genetic textures which can be traced from the lowest greenschist facies  
t o  the s tauro l i te  grade of metamarphism i n  Northern Michigan, and t o  pre- 
sent the thes is  tha t  oriented mineral fabrics  a re  not necessarily developed 
during regional metamorphism. 
I am indebtzd t o  Professor E. H. T. Whitten fo r  his  in t e re s t  and 
encouragement throughout the m r k .  Discussions with D r s .  A. L. Hoxland 
and G e  C. Dapples of Northwestern University contributed great ly  t o  my 
understanding of par t icular  problems. Drs . Wm. F. Jenks and H. C . Sunderman 
of the l.hiversity of Chcinnat i  provided helpful cri t icisms of ear ly  draf ts  
of t h i s  paper. 
GENERAL GEOLOGY 
The Marquette Synclinorium of Northern Michigan i s  an ear ly  
Proterozoic trough elongate east-west. Rocks within the synclinorium 
have been divided (James, 1958, p. 35) in to  three groups separated 
from each other by unconformities. The middle group, the Menominee 
Group, i s  subdivided in to  three formations: the Ajibik Quartzi te  a t  
the  base grades conformably in to  the Siamo Slate formation which, by 
stratigraphic t r ans i t ion  and interdigi ta t ion,  passes uswards in to  the  
Negaunee Iron Formation. My in teres t  i n  the Siamo Slate  was  i n i t i a l l y  
generated because, as a duct i le  unit sandwiched between the more com- 
petent Ajibik Quartzite below and the Negaunee Iron Formation above, 
it might be e q e c t e d  t o  provide a reasonably complete and in terpre t -  
able record of the s t ruc tura l  history.  
Structural  analysis of the Siamo Slate  revealed two periods of 
deformation (Powell, 19%). The first deformation, F1, was the more 
intense and produced the main folds observed i n  the outcrop pat tern.  
F was accom$anied by developmsnt of a quasi-vertical s l a t y  cleavage, 1 
S,. The presence of intrusive sandstone dykes and th in  p e l i t i c  fo l iae  
p a r a l l e l  t o  the cleavage indicate tha t  S was formed by tectonic de- 1 
watering when the sediments were only p a r t i a l l y  l i t h i f  ied  (Maxwell, 
1962; Moench, 1966; and Poxell, 1968b, 1969a, b) .  The second defor- 
mation, F2, i s  a b r i t t l e  deformation about a steep axis, and i s  most 
comaonly represented by a crenulation l ineation, L2, pitching steeply 
on S Apart from a few broad, open, angular folds on the outcrop lo 
scale, no large F2 folds have been ident i f ied.  
One of the unique features of Northern Michigan and adjacent 
pa r t s  of Wisconsin i s  the presence of four no5es of regional thermal 
metamorphism with metamorphic zones cutting across the structure 
(James, 1955). One of these thermal nodes, the Republic noAe, l i e s  
a few kilometers south of the western par t  of the Marquette synclinorium. 

STRUCTURAL and METAMORPHIC EVENTS 
FIGURE 2 
The eastern par t  of the Marquette synclinoriwn i s  essent ia l ly  non- 
metamorphosed but rocks of s tauro l i te  grade can be found near Michigamme. 
James (1955, p. 1482) noted tha t  since the metamorphic isograds cut 
across the structure,  m?tamorphism postdated deformation. Detailed 
s t ruc tura l  analysis of the Siamo Slate   o ow ell, 1968~1.) confirmed t h i s  
conclusion, and a l so  provided an opportunity t o  examine the textural ,  
mineralogical, and s t ruc tura l  e f fec ts  of the regional metamorphism 
on the ear ly s t ructures .  
The most pers i s ten t  F1 structure i n  the Siamo Slate  i s  cleavage, 
S1, characterized by thin,  anastom~sing but essent ia l ly  paral le l ,  
p e l i t i c  f ol iae  that pervade a l l  d e t r i t a l  rocks (powell, 1969b). The 
spacing of the p e l i t i c  fo l i ae  varies with grain size, shape of d e t r i t a l  
par t ic les ,  and s t a t e  of l i t h i f i c a t i o n  a t  the time of cleavage formation. 
Rounded quartz grains (probably representing r e l i c t  d e t r i t a l  grains) 
a re  separated by t h i n  selvedges of f lu id  inclusions, minute se r i c i t e  
flakes, and iron-oxide "dust" from quartz overgrowths; these overgrowths 
are  intergrown with neocrystallized s e r i c i t e  and chlori te  flakes 
elongate p a r a l l e l  t o  S1. The p e l i t i c  fo l iae  and quartz overgrowths 
the s tauro l i te  zone near Michigamme. More than 140 th in  sections have 
been examined, and photomicrographs selected from th i r teen  of these 
( ~ i g .  1 and Table 1) form the documentation of the processes described 
i n  t h i s  report .  Ihnd-specimens and th in  sections a re  catalogued and 
f i l e d  a t  the Department of Geological Sciences, Northwestern University, 
Evanston, I l l i n o i s  60201. 
STRU€X'URES AND TEXTURES BELUd THE BIOTITE ISOGRAD 
(a )  Field Outcrop. 
Outcrops of Siamo Slate  are  quite common i n  the eastern part  of 
the Marquette Synclinorium and ssdimentary structures a re  preserved 
with l i t t l e  or no 3is tor t ion.  Apart from cleavage i n  the p e l i t i c  beds 
and the tough, indurated nature of the sandstones, there i s  no indication 
TABLE 1:- LOCATION AND DESCRIPTION OF ROCKS FIGURED I N  PLATES 
Rock Nunber 
i n  Figure 1 
Northwestern 
University Co-ordinates* Catalogue Field Description 
In  the south end of a prominent 45943 03 ~ 1 0 2  - 6 2 ~  Quartzose sandstone interbedded 
road cut on M35. Ajibik quart- with t h i n  layers of a r g i l l i t e  
z i t e  at  the base grades upwards 5 148190~ 
in to  interbedded s%ndstones and 
pe l i t e s  
In  the southeast branch of a 4553833 ~102 - 4 0 ~  Medium-grained, cleaved sandstone 
ra i l  cut at the junction between with some coarse lenses of l ab i l e  
CQfW and DSS&A ra i l r a ids  5148130~ c las t ics .  Soft-sediment deform- 
t ion  i n  sone beds 
Almost 2 kms east  of Teal Lake 4549103 XlE-39 Thin s l a t e  bands interbedded 
on the north side of LS&I with mssive,  medium-grained, 
ra i l road 5150760~ quartzose sandstone 
I n  low ridges midway between 4546403 XloZ-37 Interbedded sandstone and s l a t e  
County Road 492 and the LS&I with well-developed cleavage tha t  
ra i l road about 1s kms east  of 5150920N i s  refracted as it passes from 
Teal Lake sandstone in to  s l a t e  
On the north side of US 41 about 45 052 03 XlO2-5 Interbedded sandstone and lamina- 
50 meters east  of an interssc- ted  s l a t e s  with a well-developed 
t ion  with a side s t r ee t  515078a cleavage p a r a l l e l  t o  which there 
a re  some intrusive sandstone dykes 
In the Siamo Hills midway 44985 OE xle-98 Finely laminated, dark s l a t e  
between Teal Lake and US 41 5 15 079oN 
A t  a bend i n  a small farm road 444 05 03 X1M -11B Dark s l a t e  of low b i o t i t e  grade. 
t ha t  runs alongside the LS&I Thermal metamorphism has pa r t i a l ly  
rai l road immediately north of 5150130N annealed s l a t y  cleavage 
North Lake Township 
About 200 meters northwest of a 4340703 ~ 1 0 ; ~  -22 Dark laminated s l a t e  i n  which 
small gneissic h i l l  i n  otherwise cleavage has been almost 
f l a t ,  swampy country 515185 ON coxpletely annealed 
Small hil lock of white quartzite 4165303 x l m - 9 ~  Clean, white quartzite 
just  south of a major power l ine  5154820~ 
On the west side of US 41 i n  a 416410~ ~ 1 0 2 - 8 9 ~  Dark, p e l i t i c  hornfels with 
prominent outcrop just  eas t  of conformable lenses of coarsely 
a junction with a small side 515456a crystal l ized hornblende and 
road plagioelase sweated out of rock 
i n  s i t u  
-- 
11 About 100 ineters southwest of 41632 OE X1M - lM Laminated, grey, si l iceous 
Outcrop 10  5154510~ hornfels adjacent t o  a basic 
intrusive 
12 Prominent outcrop on the south 4162 3 03 XI@-104~ Quartzose schis t  containing 
side of a major power l i n e  garnets overlying an almost pure, 
5154870~ white quartzite.  Relict  cross- 
bedding v is ib le  
13 Same losation as 12 4162303 x ~ M - ~ & c  Same outcrop as 12 
5154870~ 
14 Isolated outcrop i n  a g lac ia l  415 93 03 ~102-96 Laminated, dark, si l iceous s l a t e  
boulder f i e l d  just  north of a 
S m P  5154750~ 
Wo-ordinates accurate + 20 meters and expressed t o  the nearest 10 meters on the 1000 meter Universal Transverse 
Mercator Projection, ~ Z n e  16. 
PLATE 1. CHARACTERISTIC CLEAVAGE FOLIAE 
Bar s c a l e s  marked on photographs. A l l  photographs i n  plane-polar ized 
l i g h t .  
A. Rock 5. Mosaic i l l u s t r a t i n g  t y p i c a l  c leavage f o l i a e  t r ansec t ing  
a  medium-grained sandstone.  Shapes of whi te  g r a i n s  (predominantly 
qua r t z )  appear l i t t l e  changed from d e t r i t a l  condi t ion .  
B. Rock 5. Dark c leavage  f o l i a e  composed of f i n e l y  c r y s t a l l i n e  
p h y l l o s i l i c a t e s ,  i r o n  oxide and poss ib ly  hydrated s i l i c a ,  envelop 
d e t r i t a l  qua r t z  g r a i n s  t o  form augen-like s t r u c t u r e s .  Rounded shape 
of d e t r i t a l  q u a r t z  g r a i n s  i s  ou t l i ned  by t h i n  selvedges of f l u i d  
inc lus ions ,  smal l  s e r i c i t e  f l a k e s  and i r o n  oxide "dust." The d e t r i t a l  
core  can be d i s t i ngu i shed  from t h e  qua r t z  overgrowths (Q ) where neo- 
c r y s t a l l i z e d  s e r i c i t e  and c h l o r i t e  ( c o l o r l e s s  t o  p a l e  grgen i n  t h i n  
s e c t i o n )  a r e  intergrown wi th  qua r t z .  
C .  Rock 4. Dark, p leochro ic  c h l o r i t e  i n  c leavage  f o l i a e  i n  f i n e -  
gra ined  sandstone,  i s  d i s t i n c t  from l igh t -co lored ,  f a i n t l y  p leochro ic  
s e r i c i t e  and c h l o r i t e  i n  i n t e r f o l i a l  l enses .  
D. Rock 6. Cleavage f o l i a e  (S ) i n  o r i g i n a l l y  s i l t - s i z e d  m a t e r i a l  1 d i s r u p t  f a b r i c  of sediment and cu t  across  a  t h i n ,  sandy bedding 
lamina t ion  (S ). Large d i agene t i c  c h l o r i t e  g r a i n s  ( ~ h )  p a r a l l e l  t o  
S appear t o  gave formed be fo re  t h e  cleavage. 0  
E. Rock 6. S, c leavage c h a r a c t e r i s t i c  of t h e  f ine-grained p e l i t i c  
rocks.  ~ n a s t o & o s i n ~  cleavage f o l i a e  envelop d e t r i t a l  qua r t z  g r a i n s  
(Qd) w i th  e s s e n t i a l l y  t h e  same s t r u c t u r e  a s  i n  t he  interbedded 
coarser  grained sandstones.  C h l o r i t i c  p h y l l o s i l i c a t e s  i n  t h e  cleavage 
f o l i a e  a r e  dark and s t r o n g l y  o r i en t ed ,  bu t  i n  t h e  i n t e r f o l i a l  l enses  
c o l o r l e s s  t o  p a l e  green  c h l o r i t e  and s e r i c i t e  i s  intergrown wi th  qua r t z  
i n  a  more random o r i e n t a t i o n  (Qi). Only t h e  l a r g e s t  d e t r i t a l  qua r t z  
g r a i n s  (recognized by qua r t z  overgrowths) have been preserved,  t h e  
smal le r  g r a i n s  having r e c r y s t a l l i z e d  o r  migrated t o  form overgrowths 
on the  l a r g e r  g ra ins .  
PLATE 
PLATE 2. STRUCTURES AND TEXTURES IN SLATY CLEAVAGE 
Bar s c a l e  on a l l  photographs i s  0.1 mm. A l l  photographs a r e  i n  plane- 
polar ized  l i g h t .  
A. Rock 2 ,  C h a r a c t e r i s t i c  cleavage f o l i a e  i n  a  f ine-grained s i l t .  
S t rongly  o r i e n t e d ,  dark ,  c h l o r i t i c  p h y l l o s i l i c a t e s  i n  cleavage f o l i a e  
c o n t r a s t  wi th  randomly o r i en t ed  s e r i c i t e  and l igh t -co lored  c h l o r i t e  
i n  i n t e r f o l i a l  l e n s e s  (arrowed i n  photograph).  
B. Rock 2. Cleavage f o l i a e  i n  f ine-grained s i l t  have e s s e n t i a l l y  
t he  same s t r u c t u r e  a s  cleavage f o l i a e  i n  sandstone and s l a t e .  The 
propor t ion  of p l a t y  p a r t i c l e s  t o  equidimensional  g r a i n s ,  r a t h e r  than 
t h e  average g r a i n  s i z e ,  determines t h e  s t r u c t u r e  and spacing of t h e  
cleavage f  o l i a e .  
C .  Rock 6. Cleavage f o l i a e  i n  s l a t e  t y p i c a l l y  wrap around qua r t z  
g r a i n s  (Q) and d i a g e n e t i c  pennine c h l o r i t e  (Ch). I n t e r f o l i a l  l e n s e s  
a r e  composed of in te rgrowths  of f i n e l y  c r y s t a l l i z e d  s e r i c i t e ,  c h l o r i t e  
and quar tz .  
D.  Rock 6.  P lanar  cleavage f o l i a e  t r a n s e c t i n g  a  fo lded ,  quar tzose ,  
bedding laminat ion (S ). P e l i t i c  m a t e r i a l  i n  the  cleavage f o l i a e  
appears  t o  have been Pntruded throughout t h e  rock,  and commonly an 
i n d i v i d u a l  f o l i a  can be  t r aced  f o r  s e v e r a l  crns i n  t h i n  s e c t i o n .  
I n t e r f o l i a l  l e n s e s  (arrowed i n  photograph) a r e  commonly enriched i n  
qua r t z  due t o  migra t ion  of s i l i c a  out of t he  cleavage f o l i a e .  A 
rudimentary composi t ional  banding p a r a l l e l  t o  cleavage i s  thereby 
produced, 
E. Rock 4. C h a r a c t e r i s t i c  cleavage f o l i a e  enveloping d e t r i t a l  
qua r t z  g r a i n s  i n  a  f ine-grained sandstone.  
F. Rock 8. R e l i c t  c leavage f o l i a e  i n  a  c leaved sandstone metamor- 
phosed t o  t h e  b i o t i t e  grade. Cleavage f o l i a e  o r g i n a l l y  s i m i l a r  t o  
those i n  rock 4 a r e  r e c r y s t a l l i z e d  i n t o  well-formed b i o t i t e  c r y s t a l s  
o r i en t ed  p a r a l l e l  t o  t h e  pre-ex is t ing  cleavage (arrowed i n  photo- 
graph).  A rounded d e t r i t a l  qua r t z  g r a i n  (Qd) d i s t i ngu i shed  from i t s  
qua r t z  overgrowth by a  selvedge of f l u i d  i n c l u s i o n s  and s e r i c i t e  
c r y s t a l s  i s  sha rp ly  terminated a g a i n s t  b i o t i t e  i n  the cleavage f o l i a e  
owing t o  "pressure  so lu t ion . "  The s e r i c i t e  and c h l o r i t e  charac te r -  
i s t i c  of i n t e r f o l i a l  l enses  i n  t h e  s l a t y  cleavage,  have r e c r y s t a l l i z e d  
i n t o  muscovite. 
G.  Rock 3 .  A group of cleavage f o l i a e  t r a n s e c t i n g  a  quar tzose  
bedding lamina t ion  (S ) .  Cleavage f o l i a e  which a r e  evenly d i s t r i b u t e d  
throughout t h e  body o? p e l i t i c  l a y e r s  c h a r a c t e r i s  t i c a l l y  converge a t  
t he  margins of quar tzose  lamina t ions ,  and t r a n s e c t  the  sandy bands a t  
spacings of s e v e r a l  m m s  o r  crns. 
H. Rock 63N 48E loaned by W. P u f f e t ,  U, S, G .  S . ,  Marquette,  Michigan - 
Location:-In Siamo S l a t e ,  e a s t  of Tea l  Lake. Re f rac t ion  of c leavage 
through a  sandy lamina t ion  i n  which some of t he  d e t r i t a l  qua r t z  g r a i n s  
(Qd) have d iameters  a s  wide a s  t h e  laminat ion.  
PLATE 2 
PLATE 3 .  OVERGROWTHS ON ROUNDED QUARTZ GRAINS I N  THE LOWEST 
METAMORPHIC GRADES 
Bar s c a l e  i n  A ,  B ,  C,  and D is  0 . 1  nun; i n  E, F,  G ,  and H is  0.2 mm. 
A .  Rock 5. (plane-polar ized l i g h t ) .  Quartz overgrowth on a  rounded, 
d e t r i t a l ,  qua r t z  g r a i n  o u t l i n e d  by a  se lvedge  of f l u i d  i n c l u s i o n s ,  
s e r i c i t e  c r y s t a l s  and i ron-oxide "dust." Small c h l o r i t e  and s e r i c i t e  
c r y s t a l s  p a r a l l e l  t o  t he  s l a t y  c leavage a r e  intergrown wi th  t h e  q u a r t z  
overgrowth, bu t  i n  no p l ace  do t h e  new p h y l l o s i l i c a t e s  i nden t  t h e  
rounded d e t r i t a l  core .  
B. Rock 5. (Crossed p o l a r i z e r s ) .  Quartz overgrowth on a  rounded, 
d e t r i t a l  qua r t z  g r a i n .  Overgrowth has  extended i n  a l l  d i r e c t i o n s  and 
is  p a r t i a l l y  intergrown wi th  c h l o r i t e  (dark i n  photograph) and s e r i c i t e  
p a r a l l e l  t o  t h e  cleavage.  
C .  Rock 5. (Plane-polar ized l i g h t ) .  Quartz overgrowth on a  rounded, 
d e t r i t a l  qua r t z  g r a i n .  Dark c leavage  f o l i a  l i e s  ad j acen t  t o  t h e  
right-hand s i d e  of g r a i n ;  t h e r e  may have been some "pressure  s o l u t i o n "  
of t h e  q u a r t z  g r a i n  a long  t h e  con tac t  w i th  t h e  cleavage f o l i a .  
D. Rock 4. (Plane-polar ized l i g h t ) .  Vermicul i te  overgrowth (Ve) on 
a  rounded, d e t r i t a l ,  qua r t z  g r a i n  (Q)  which has  been plucked ou t  of 
t h e  t h in - sec t ion  during g r ind ing .  Vermicul i te  commonly appears  a s  
a n  a l t e r a t i o n  of d e t r i t a l  b i o t i t e ,  bu t  i n  a  few th in - sec t ions  t he  
v e r m i c u l i t e  has  pseudo-hexagonal o u t l i n e s  and forms overgrowth on 
some q u a r t z  g r a i n s .  
E.  Rock 1. (Plane-polar ized l i g h t ) .  Coalescence of qua r t z  over- 
growths on two a d j a c e n t ,  w e l l  rounded, d e t r i t a l ,  qua r t z  g r a i n s .  
F. Rock 1. (Plane-polar ized l i g h t ) .  Rounded d e t r i t a l  qua r t z  g r a i n s  
c l e a r l y  d i s t i n g u i s h a b l e  from t h e  q u a r t z  overgrowths which have 
coa lesced  thereby  binding a l l  g r a i n s  f i rmly  toge the r .  These q u a r t z  
overgrowths developed be fo re  t h e  cleavage.  D i f f e r ing  degrees  of 
cementation by qua r t z  overgrowth throughout t h e  sedimentary succes- 
s i o n  caused some beds t o  be  completely l i t h i f i e d ,  o t h e r s  p a r t i a l l y  
l i t h i f i e d  and some n o t  l i t h i f i e d  a t  a l l  when t h e  cleavage developed. 
G.  Rock 1. (Plane-polar ized l i g h t ) ,  Quartz overgrowth on a  rounded 
d e t r i t a l  qua r t z  g r a i n  o u t l i n e d  by a  se lvedge  of f l u i d  i n c l u s i o n s  and 
sma l l  s e r i c i t e  f l a k e s  (arrows) .  
H. Rock 1. (Crossed p o l a r i z e r s ) ,  S t r a i n  i n  t h e  qua r t z  g r a i n  i n  G 
caused subd iv i s ion  i n t o  sma l l e r ,  non-strained,  s t r a i g h t - s i d e d ,  
polygonal  subgra ins  (arrowed i n  photograph) t h a t  t r a n s e c t  t h e  
o r i g i n a l  quar tz -gra in  boundary. 
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i n  outcrop that the rocks have been metamorphosed. 
The thickness of sandstone beds i s  quite variable ranging from 
only a few centimeters t o  3 meters i n  thickness. Bedding i s  generally 
well-defined i n  the  s l a t e  by sandy laminations (a few mms thick) tha t  
are  composed of medium- or fine-grained quartz grains. In places, 
the sandy laminations i n  the s l a t e  are  no thicker than the diameter 
of the largest  d e t r i t a l  quartz g a i n s  (plate  2 ~ ) .  
(b) Thin Section. 
( i )  Cleavage Foliae 
A steeply-dipping, east-west s t r ik ing  cleavage pa ra l l e l  t o  the 
ax ia l  planes of the major folds i n  the Marquette Synclinorium, i s  
present i n  most outcrops of the Siamo Slate.  Cleavage i s  most pro- 
minently developed i n  the s l a t e  on the northern flank of the synclinorium, 
and commonly it traverses both the s l a t e  and interbedded sandstones. 
Because the cleavage i n  the sandstone has a d i f fe rent  orientation and 
appearance i n  outcrop from the s l a t y  cleavage, it i s  common practice 
among s t ruc tura l  geologists t o  c lass i fy  such cleavages separately. 
The cleavage i n  sandstones i s  referred t o  as  "fracture" cleavage, and 
the cleavage i n  s l a t e s  as "flow" cleavage; generally the cleavages 
are  ascribed t o  t o t a l l y  different  modes of origin.  However, i n  the  
Siamo Slate, as indeed i n  many other successions of cleaved sandstones 
and a r g i l l i t e s  deformed before the rocks were l i t h i f i ed ,  it can be 
shown that the "fracture" cleavage i n  the sandstone and the "flow" 
cleavage i n  the s l a t e  a re  essent ial ly  the same phenomenon, and were 
produced during tectonic dewatering  o ow ell, 1968b, l s g a ,  b ) . 
In thin-section the cleavage i s  seen t o  be a se t  of anastornosing 
p e l i t i c  fo l i ae  that transect the bedding and wrap around the d e t r i t a l  
grains (plate 1 ) .  In many places, the p e l i t i c  fo l iae  which were in -  
truded throughout the rocks during tectonic dewatering, have recrystal-  
l i zed  in to  dark ch lor i te  tha t  i s  d i s t inc t  from the pale green s e r i c i t e  
and chlor i te  which occupy the i n t e r f o l i a l  lenses (plate 1 ~ ) .  Where 
the fo l iae  wrap around d e t r i t a l  grains, augen-like structures are 
produced (plate  1B ) . 
The spacing of the cleavage fo l i ae  i n  both the sandstones and 
the a r g i l l i t e s  (plate 1 )  appears t o  depend on the proportion of 
approximately equidimensional grains (mainly quartz) t o  platy pa r t i c l e s  
(phyllosil icates ) . Cleavage f oliae a re  more abundant, spaced closer 
together, and l e s s  well defined i n  those rocks with the lowest pro- 
portion of equidimensional grains. In  rocks with 4w0 t o  7w0 of 
equidimensional grains, the cleavage fo l iae  are  spaced a t  distances 
approximately equal t o  the diameter of the equidimensional grains. In  
some of the quartz-rich sandstones--particularly those toward the base 
of the formation where considerable quartz cementation occurred before 
tectonic dewatering--the average distance between the main cleavage 
fo l i ae  may be greater than a centimeter. 
The ident i f ica t ion  of the spacing i n  the a r g i l l i t e s  i s  more 
d i f f i c u l t  than in the interbedded sandstones. The a r g i l l i t e s  have 
recrystal l ized more than the adjacent sandstones making ident i f ica t ion  
of d e t r i t a l  grain shapes d i f f i c u l t  (plates  1E and 211, B, and C)  . No 
a r g i l l i t e s  have been found with more than 8wo quartz or more than 80% 
p la ty  par t ic les .  A representative "slate" from the formation has 
approximately equal proportions of phyl losi l icates  and equidimensional 
pa r t i c l e s  (mainly quartz). 
( i i )  Quartz Overgrowths 
Overgrowths of quartz on rounded quartz grains are  separated from 
the r e l i c t  cores by selvedges of f l u i d  inclusions, small s e r i c i t e  
crystals ,  and irol-oxide "dust". These overgrowths which are  opt ical ly  
continuous with the r e l i c t  core a re  very common i n  some rocks, and have 
been found i n  almost a l l  t h i n  sections. In the well-cleaved sandstones, 
the overgrowths a re  intergrown with pale green se r i c i t e  and chlorite* 
strongly oriented p a r a l l e l  t o  the cleavage (plates 3A, B, and C). I n  
the quartz-rich sediments- -par t icular ly those near the base of the 
formation--quartz overgrowths form an interlocking texture completely 
- - -- - - - - 
*1dentif i ca t  ion of a31 minerals has been made with opt ical  microscope 
only. Whereas many minerals are readi ly ident i f ied by opt ica l  micro- 
scope, o9ly preliminary ident i f ica t ion  of the fine-grained phyllo- 
s i l i c a t e s  can be made. Hapefully, x-ray and electron microscope iden- 
t i f i c a t i o n s  w i l l  be made i n  the future.  
PLATE 4.  OVERGROWTHS ON ROUNDED QUARTZ GRAINS I N  THE BIOTITE ZONE 
Bar s c a l e  on a l l  photographs is  0.1 m. A l l  photographs a r e  i n  plane- 
polar ized  1 i g h t  . 
A .  Rock 7 .  Quartz overgrowth on rounded qua r t z  g r a i n  (arrowed i n  
photograph).  C h l o r i t e  i s  intergrown wi th  t h e  qua r t z  overgrowth but  
does no t  indent  t he  rounded g ra in .  Dark patches of carbonate  [Cd - 
i r on - r i ch  dolomite (?)I a r e  e longate  p a r a l l e l  t o  cleavage.  
B. Rock 7. C h l o r i t e  (Ch) intergrown wi th  qua r t z  overgrowth on 
rounded qua r t z  g ra in .  
C .  Rock 7.  Two ad jacen t  quar tz  g ra ins  cemented by quar tz  over- 
growth. C h l o r i t e  i n t e r d i g i t a t e d  wi th  qua r t z  overgrowth is  s t r o n g l y  
o r i en t ed  p a r a l l e l  t o  s l a t y  cleavage d i r e c t i o n .  Dolomitic carbonate  
g ra ins  (C ) a r e  e longate  p a r a l l e l  t o  t h e  c leavage .  d  
D. Rock 7. Rounded qua r t z  g ra in  e longate  obl ique t o  cleavage. 
Dark dolomi t ic  carbonate  g r a i n  i n  upper r ight-hand corner  i s  bent  
around qua r t z  g r a i n  and e longate  p a r a l l e l  t o  t h e  cleavage. 
E. Rock 8. R e c r y s t a l l i z e d  cleavage f o l i a e  enveloping a  rounded 
qua r t z  g ra in  whose long a x i s  i s  obl ique t o  t h e  cleavage.  B i o t i t e  
(Bi) which, a t  a s l i g h t l y  lower grade of metamorphism occurs only 
i n  the  cleavage f o l i a e ,  has  almost completely rep laced  the c h l o r i t e  
(Ch) i n t e r d i g i t a t e d  wi th  the  qua r t z  overgrowth. 
F. Rock 8. C h a r a c t e r i s t i c  t ex tu re  i n  cleaved sandstones metamor- 
phosed t o  t h e  b i o t i t e  grade.  Rounded qua r t z  g ra ins  (Qd) can be 
d i s t i ngu i shed  from qua r t z  overgrowths by selvedges of f l u i d  inc lu -  
s i o n s  and small  s e r i c i t e  c r y s t a l s .  Cleavage f o l i a e  have recrys-  
t a l l i z e d  t o  well-formed b i o t i t e  f l a k e s  which a r e  p a r a l l e l  t o  t he  
cleavage d i r e c t i o n .  Ch lo r i t e  i n  i n t e r f  o l i a l  l enses  has  been 
replaced by muscovite (M) or, i n  some places,  by b i o t i t e .  "Pressure 
so lu t ion ' '  of rounded qua r t z  g ra ins  i s  common where t h e  qua r t z  a d j o i n s  
b i o t i t e  c r y s t a l s .  The r e l i c t  cleavage f o l i a e ,  though e a s i l y  iden- 
t i f i a b l e ,  a r e  n o t  a s  prominent as i n  lower grades of metamorphism. 
G. Rock 8. Overgrowth on a  rounded qua r t z  g r a i n  wi th  t a b u l a r  
c r y s t a l s  of qua r t z  i n t e r d i g i t a t e d  with b i o t i t e .  The t abu la r  qua r t z  
c r y s t a l s  (arrowed) are i n  o p t i c a l  c o n t i n u i t y  w i th  the  rounded 
qua r t z  core, and e longa te  p a r a l l e l  t o  t he  b a s a l  p l a t e s  of t he  
b i o t i t e .  The overgrowth of intergrown qua r t z  and b i o t i t e  i s  sev- 
e r a l  times longer  i n  t h e  d i r e c t i o n  of t h e  cleavage than the  o r i g i n a l  
qua r t z  g ra in .  
H.  Rock 8.  Rounded qua r t z  g ra in  (Qd) wi th  "pressure  so lu t ion"  
ad jacen t  t o  a  l a r g e  b i o t i t e  c r y s t a l  t h a t  has  c r y s t a l l i z e d  i n  a n  
e a r l i e r  formed cleavage f o l i a .  The overgrowth on the  quar tz  g r a i n  
is  s e v e r a l  t imes l a r g e r  than the  rounded core,  and has  developed by 
s o l u t i o n  of sma l l e r  qua r t z  g ra ins  and p r e c i p i t a t i o n  on the  over- 
growth. 
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PLATE 5. OVERGROWTHS ON ROUNDED QUARTZ GRAINS I N  GARNET AND 
STAUROLITE ZONES 
Bar s c a l e  i n  a l l  photographs i s  0 .1 nun. 
A .  Rock 10. (Plane-polar ized l i g h t ) .  Thin selvedges of f l u i d  inc lu -  
s i o n s  and small  s e r i c i t e  c r y s t a l s  o u t l i n e  qua r t z  overgrowths (arrowed) 
on rounded, d e t r i t a l  quar tz  g ra ins  (Qd) . Inc lus ions  of b i o t i t e  and 
muscovite i n  t he  qua r t z  overgrowth r e c r y s t a l l i z e d  dur ing  thermal 
metamorphism, and a r e  randomly o r i e n t e d .  
B. Rock 9 .  (Crossed p o l a r i z e r s )  . Group of rounded, d e t r i t a l  q u a r t z  
g ra ins  cemented toge ther  by qua r t z  overgrowths (arrowed i n  photograph) 
t h a t  developed dur ing  d i agenes i s .  S e r i c i t e  and muscovite r e c r y s t a l -  
l i z e d  l a t e r  du r ing  e i t h e r  the  thermal o r  r e t rog rade  metamorphisms and 
have rep laced  t h e  qua r t z  i n  places,  l eav ing  a  disconnected f a b r i c  of 
quartz-cemented g ra ins  separa ted  by i r r e g u l a r  patches of s e r i c i t e  . 
C. Rock 13. (Plane-polar ized l i g h t ) .  Quartz overgrowth on rounded 
d e t r i t a l  qua r t z  g ra in  (Qd) envelops small ,  w e l l - c r y s t a l l i z e d ,  ran-  
domly o r i en t ed  muscovite and b i o t i t e  c r y s t a l s .  Small quar tz  c r y s t a l s  
i n  a d j a c e n t  a r e a s  have i n t e r l o c k i n g  polygonal o u t l i n e s  and appear  
dimens i o n a l l y  non- o r i en t ed .  
D. Rock 12.  (Crossed p o l a r i z e r s )  . Quartz overgrowth on wel l -  
rounded, d e t r i t a l  qua r t z  g ra in  (Qd) . 
E. Rock 9.  (Crossed p o l a r i z e r s )  . Two rounded, d e t r i t a l  g ra ins  - 
one K-feldspar (Fe - cleavage t r a c e s  marked by white l i n e s  i n  photo- 
graph) and the  o t h e r  quar tz  (Qd). Quartz overgrowth has developed 
on t h e  rounded qua r t z  g ra in  bu t  no t  on t h e  f e l d s p a r .  
F. Rock 9 .  (Crossed p o l a r i z e r s ) .  Rounded, d e t r i t a l  quar tz  g ra in  
(Qd) wi th  q u a r t z  overgrowth sharp ly  terminated a long  a  con tac t  wi th  
a  f e l d s p a r  g r a i n  (Fe) .  Rounded end of qua r t z  g ra in  appears  t o  have 
been removed by "pressure  s o l u t i o n  .I '  
G. Rock 10. (Crossed p o l a r i z e r s )  . Large, rounded, d e t r i t a l  qua r t z  
g r a i n  (ou t l i ned  i n  whi te )  has  been broken down i n t o  small ,  non- 
s t r a i n e d ,  polygonal subgrains  . Adjacent qua r t z  g ra in  ( a t  e x t i n c t i o n  
i n  photograph) has  r e t a ined  i t s  c r y s t a l l o g r a p h i c  un i ty .  
H.  Rock 10. (Crossed p o l a r i z e r s )  . Two adjacent ,  rounded, d e t r i t a l  
qua r t z  g ra ins  (ou t l i ned  i n  white)  one of which has been polygonized 
i n t o  small ,  non-s t r a i n e d  subgra ins  . The o the r  quar tz  g ra in  has  
s t r a i n e d  e x t i n c t i o n  except  f o r  a  small ,  s t r a i g h t - s i d e d ,  non-strained,  
polygonal subgra in  (arrowed i n  photograph).  The polygonizat ion of 
l a r g e  d e t r i t a l  g ra ins  i s  i n t e r p r e t e d  a s  caused by readjustment  of 
the qua r t z  t o  impressed s t r a i n s .  Thus the  l a r g e  quar tz  g ra ins  - 
most s t a b l e  i n  t h e  d i agene t i c  environment where the  f i n e l y  c r y s t a l -  
l i n e  qua r t z  i s  d i s so lved  and p r e c i p i t a t e d  a s  overgrowths on the  l a r g e  
qua r t z  g ra ins  - become uns tab le  when subjec ted  t o  s t r a i n ,  and poly- 
gonize t o  f  orm smaller ,  equidimensional g ra ins  s t a b l e  i n  t he  new 
environment. 
H 
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PLATE 6. METAMORPHIC AND STRUCTURAL HISTORY REVEALED BY TEXTURAL 
FABRIC 
Bar Sca le  i n  a l l  photographs i s  0 .1  mm, 
A. Rock 14. (Plane-polar ized l i g h t ) .  P re - t ec ton i c  ga rne t  w i t h  
margins a l t e r e d  t o  c h l o r i t e  and a  p l ana r  i n t e r n a l  f o l i a t i o n  (S . )  
1 
obl ique  t o  t h e  e x t e r n a l  f o l i a t i o n  (S - mimet ica l ly  recrystallized 
p a r a l l e l  t o  t h e  s l a t y  c leavage formea e a r l i e r ) .  S  is  16' ob l ique  1 t o  So - represen ted  by t h i n ,  qua r t zose  bedding laminations. 
B. Rock 14. (Plane-polar ized l i g h t ) .  Magnified view of pre- 
t e c t o n i c  ga rne t  i n  A .  Garnet c r y s t a l l i z e d  under s t a t i c  cond i t i ons  
a c r o s s  early-formed S cleavage dur ing  r e g i o n a l  thermal metamorphism. 1 Subsequent ly ,  t h e  ga rne t  was r o t a t e d  approximately 60' accompanied 
by some r e c r y s t a l l i z a t i o n  of t h e  p h y l l o s i l i c a t e s  p a r a l l e l  t o  S , and 
development of mesoscopic l i n e a t i o n  L plunging s t e e p l y  along t h e  S1 2 
cleavage.  The margins of t h e  ga rne t  were a l t e r e d  t o  c h l o r i t e  (Ch) 
dur ing  l a t e r  r e g i o n a l  r e t r o g r e s s i v e  metamorphism. 
C .  Rock 14. (Plane-polar ized l i g h t ) .  Syntec tonic  ga rne t  w i t h  
cont inuous cu rva tu re  of i n t e r n a l  f o l i a t i o n .  So' represen ted  by t h i n  quar tzose  lamina t ions ,  con ta in s  a  sma l l  f o l d  (on t h e  right-hand s i d e  
of t h e  g a r n e t )  sympathet ic  t o  t h e  s ense  of r o t a t i o n  implied by t h e  
cu rva tu re  of S i ' 
D. Rock 14. (Plane-polar ized l i g h t ) .  Magnified view of s y n t e c t o n i c  
g a r n e t  which has  a  maximum r o t a t i o n  of 85' between S .  and S . The 
o u t e r  r i m  of t h e  g a r n e t ,  a t  l e a s t ,  ha s  c r y s t a l l i z e d  &r ing  %eformation 
which produced t h e  magascopic l i n e a t i o n ,  . 2 
E.  Rock 11. (Plane-polar ized l i g h t ) .  R e l i c t  cleavage f o l i a e  (S ) 
t r a n s e c t i n g  bedding (S ) have r e c r y s t a l l i z e d  t o  a  muscovi te -b io t i t e  
0 f o l i a t i o n  dur ing  r e g i o n a l  thermal  metamorphism. The l a r g e ,  wel l -  
formed p e n n i n i t e  c r y s t a l s  grew randomly ac ros s  the  f o l i a t i o n  dur ing  
l a t e r  r e g i o n a l  r e t r o g r e s s i v e  metamorphism. 
F. Rock 11. (Crossed p o l a r i z e r s  of E ) .  
G .  Rock 11. (Crossed p o l a r i z e r s ) .  Pos t - tec ton ic ,  w e l l - c r y s t a l l i z e d  
p e n n i n i t e  c u t t i n g  ac ros s  t h e  moscovi te -b io t i t e  f o l i a t i o n  r e c r y s t a l -  
l i z e d  dur ing  t h e  r e g i o n a l  thermal  metamorphism. 
H. Rock 12. (Crossed p o l a r i z e r s ) .  Large,  pos t - t ec ton i c  p e n n i n i t e  
c u t t i n g  ac ros s  bedding (S ) and r e c r y s t a l l i z e d  cleavage f o l i a e  (S1). 
Penn in i t e  c r y s t a l l i z e d  a f t e r  t h e  deformation which produced t h e  
mesoscopic c r e n u l a t i o n  l i n e a t i o n ,  . 2 
W 
PLATE 6 
cementing the rounded d e t r i t a l  grains together (plate 3E t o  G ) .  
( i i i )  Other Diagenetic Textures 
Notwithstanding the prominence of the cleavage i n  the fabric of 
most of the d e t r i t a l  rocks, several other diagenetic minerals and 
textures can be recognized (Powell, 1969b). Very thin, plate-like 
flakes of muscorite up t o  1 ma long and generally lying pa ra l l e l  t o  
the bedding have overgrowths of fibrous chalcedony i n  which the 
sil iceous f ibe r s  a re  orianted perpendicular t o  the mica flakes.  S m a l l  
c rys t a l  aggregates of magnetite have grown across the bedding and 
cleavage, and f ine ly  crystal l ine chalcedony i n  "pressure shadows" i s  
oriented with s i l iceous f ibers  p a r a l l e l  t o  the s l a ty  cleavage. 
Crystals of penninite occur both as  tabular c rys ta l s  pa ra l l e l  
t o  the cleavage (Plate 1.) and as  ovate granules enveloped by the 
cleavage fo l i ae  (Plate 1C). Pro2hlorite forms small granules up t o  
0.1 m diameter which are  commonly rimoled by a selvedge of colorless 
se r i c i t e .  Vermiculite occurs i n  a number of rocks on the northern 
flank of the Marquette Synclinorium near Negaunee, and appears t o  be 
an a l te ra t ion  product of d e t r i t a l  b io t i t e .  In a few places vermiculite 
forms overgrowths on d e t r i t a l  quartz (plate 3 ~ ) .  
STRUCTURES AND TEXTURES I N  THE BIOTITE ZONE 
(a)  Field Outcrop 
Outcrops i n  the Siamo Slate a re  scarce between Negaunee and Lake 
Michigame, but suff ic ient  are  present t o  t race the changes i n  mineralogy 
and texture.  I n  the lower par t  of the b i o t i t e  zone, the p e l i t i c  rocks 
cleave along S1with equal f a c i l i t y  a s  the pe l i t e s  fa r ther  eas t .  The 
steep l ineation, L2, though s t i l l  weak, i s  more prominent than i n  the 
eastern par t  of the  Marquette Synclinorium. T o ~ m ~ d s  the upper pa r t  
of the b i o t i t e  zone, the f a c i l i t y  t o  cleave along S1 i s  considerably 
less ,  and the rocks cornonly break i r regular ly.  
(b )  Thin Section 
The increased i n t ens i t y  of metamorphism has rec rys ta l l i zed  t h e  
cleavage f o l i a e  i n t o  well-f ormed, strongly pleochroic b i o t i t e .  A l l  
excess s i l i c a  o r ig ina l l y  i n  the  cleavage f o l i a e  appears t o  have 
migrated t o  quartz overgrowths on t he  rounded d e t r i t a l  gra ins  i n  the  
i n t e r f o l i a l  areas .  The f i n e l y  c rys ta l l ine ,  pa le  ch lo r i t e  or  s e r i c i t e  
i s  reconst i tu ted a s  well-formed f lakes  of muscovite or ch lo r i t e  
oriented p a r a l l e l  t o  the  ea r ly  S1 cleavage (p la te  4~ t o  D ) .  Microscopic 
banding i s  probably bes t  developed i n  t he  lower p a r t  of t h e  b i o t i t e  
zone . 
To-wards t he  garnet isograd t he  microscopic f o l i a t i o n  i s  l e s s  
d i s t i n c t .  Cleavage f o l i a e  (p la te  4~ t o  H) have r ec rys t a l l i z ed  a s  
large  sheaves of b i o t i t e ,  but a r e  not a s  d i s t i n c t  froln the  i n t e r f o l i a l  
zones a s  a t  lower grades. Chlor i te  which i s  common i n  t h e  i n t e r f o l i a l  
a reas  i n  t he  lower p a r t  of t he  b i o t i t e  zone i s  p a r t i a l l y  or  completely 
replaced by b i o t i t e  (p la te  4 ~ ) .  Quartz overgrowths on rounded d e t r i t a l  
gra ins  a r e  read i ly  i den t i f i ed  i n  the  o r ig ina l l y  coarser-grained rocks. 
Lenticular  quartz grains,  elongate p a r a l l e l  t o  t he  ba sa l  p l a t e s  of 
the  rounded d e t r i t a l  cores. Pressure solut ion of quartz perpendicular 
t o  t h e  cleavage fo l iae - -par t i cu la r ly  obvious where rounded quartz 
gra ins  a r e  i n  contact  with ba sa l  p l a t e s  of b i o t i t e  (p la te  4~ and H)-- 
has supplied s i l i c a  t o  enhance the  elongate quartz overgrowths. I n  
a few places  t h e  neocrysta l l ized b i o t i t e  and muscovite have cut  across  
the  microscopic S fo l i a t i on .  
1 
STRUCTURES AND TEXTURES IN GARNET AND STAUROLITE ZONES 
( a )  F ie ld  Outcrop 
The main outcrops a r e  located jus t  northeast  of the  town of 
Michigamme between t he  proainent r idge of gneiss ic  basement and Lake 
Michigamm2. Comonly bedding laminations a r e  e a s i l y  seen, but t h e  
ea r ly  S cleavage i s  very r a r e l y  i den t i f i ab l e .  The rocks have a 
1 
hs3rnfels appearance and f rac ture  i r regu la r ly .  L2 i s  wel l  developed 
i n  some places but i s  not unifomnly present i n  a l l  outcrops. Locally, 
coarse lenses of hornblende, epidote and quartz develop p a r a l l e l  t o  the 
bedding. The rocks appear t o  have been annealed. 
(b) Thin Section 
SO can be ident i f ied by al ternat ing micaceous and sil iceous 
laminations. S1 i s  visible,  but it i s  not nearly as  prominent as  i n  
lower metamorphic grades , and individual cleavage f ol iae can be ident i f ied  
only with d i f f icu l ty .  Quartz overgrowths on rounded d e t r i t a l  cores, 
however, a re  eas i ly  recognized (plate 5.A) --particularly i n  the or iginal ly  
coarser-grained, quartz-rich laminations. Muscovite and b i o t i t e  have 
recrystal l ized with much l e s s  well-developed preferred orientation 
than at lower grades, and i n  many specimens appear t o  be randomly 
oriented. 
I n  the finer-grained rocks, quartz has recrystal l ized so completely 
tha t  it i s  not possible t o  recognize or iginal  rounded, d e t r i t a l  grains. 
I n  many thin-sections, the typica l  texture involves pools of interlocking, 
equidimensional, non-strained, small, polygonal quartz grains with 
patches of randomly oriented, well-crystall ized muscovite and b io t i t e .  
Magnetite, epidote, garnet, plagioclase, and hornblende are  minor 
constituents i n  most rocks, and cut across a l l  ea r l i e r  formed structures .  
There i s  no evidence of pervasive shearing, granulation, or growth of 
oriented crys ta l s  associated with t h i s  grade of metamorphism. 
The various stages i n  breakdown of large quartz grains i n t o  pools 
of small polygonal subgrains can be seen i n  thin-section. Quartz 
overgrowths on rounded d e t r i t a l  quartz grains provide the control 
necessary for  recognition of tex tura l  changes. It appears that where 
large quartz grains were deformed, they developed s t r a in  lamellae and 
variable, but continuous, extinction. Small, nonstrained, polygonal 
subgrains developed i n  the meas of high s t r a i n  (plate 5 ~ ) ,  and show 
no control by the original, rounded, quartz-grain boundary. Polygonal 
subgrains cut r igh t  across, and include the f lu id  inclusions and small 
mica crys ta l s  delineating the round core. Where the process i s  
complete, the old f lu id  inclusions a re  empty and the or iginal  rounded 
quartz grains cannot be ident i f ied,  except as oval areas of quartz 
concentration. The process of polygonization i s  not r e s t r i c t ed  t o  
the highest grades of metamorphism and can be observed i n  a l l  grades 
(plate 3 ~ ) .  
INTERPRETATION OF METAMORPHIC AND STRUCTUl3.U HISTORY 
The sequence of metamorphic and s t ruc tura l  events i n  the Siamo 
Slate  i s  represented qual i ta t ively i n  Figure 2. The main deformation 
F1 was i n i t i a t e d  before the beds were completely l i t h i f i e d .  The 
steeply dipping, quasi-planar s l a t y  cleavage appeaz-s t o  have been formed 
a s  a planar structure during tectonic dewatering accompanying F1. By 
ro ta t ing  the refracted cleavage back t o  planari ty  i n  the psammitic 
beds on the planar limbs of folds (Poxell, 1967, 1969b), it can be 
shown tha t  tectonic dewatering occurred during the middle of the F1 
deformation. Although many sandy beds were p a r t i a l l y  cemented by 
quartz overgrowths, and thus were capable of withstanding some t e n s i l e  
forces on the rock fabric, soxe layers were subject t o  l iqu i fac t ion  
and intrusion along the cleavage direction a s  sandstone dykes when 
excessive water pressures developed. 
F deformation before cleavage i n i t i a t i o n  was predominantly by 1 
bedding-surface s l i p  producing essent ial ly  concentric folds.  The 
s l a t y  cleavage provided a second mechanical heterogeneity i n  the rocks, 
so tha t  continuing F1 deformation involved movements along both bedding 
and cleavage surfaces. Movements along cleavage fol iae,  par t icu lar ly  
i n  the pe l i tes ,  enhanced recrystal l izat ion and chemica.1 segregation, 
and premitted thickening and thinning of layers approximating a similar- 
fold s ty l e  where demanded by the  geometry of the encom~assing, cometent 
psammitic layers.  Thus, the preserved fold s ty le  i s  a product of 
i n i t i a l l y  concentric-style deformation that changed t o  a more similar- 
s ty l e  deformation as  the influence of the bedding as a mechanical 
inhomogeneity was reduced. 
Temperatures were very low throughout F1 deformation, and cornonly 
chemical eqlllilibriu?l was reached o w  i n  very small domains ( ~ o w e u ,  
1 % ~  ) . Heat may have been generated by moveme-nt s along the cleavage 
i n  the  l a t t e r  par t  of F and this energy, together with the inherent 1' 
themitynareic i n s t a b i l i t y  of f ine ly  divided part ic les ,  enabled the 
p e l i t e s  t o  recrys ta l l ize  t o  a greater extent than interbedded psamraites. 
The regional metamorphism centered on the Republic node was 
predominantly a thermal event Minerals appeaz t o  have crystal l ized 
s t a t i c a m ,  although i n  the lower par t  of the b i o t i t e  and in the  
ch lor i te  grade the anisotropy inherited f'rom F1 has largely controlled 
the  develo2ment of the  new p h y l l o s i l i ~ a t e s ~  Cleavage fo l iae  r e c r y s t U i z e d  
in to  dark-colored chlor i te  or, a t  a s l ight ly  higher grade, i n t o  b io t i t e ,  
and the orientation of the phyl losi l icates  already ex i s t i rg  determined 
the  orientation of the new chlor i te  and b io t i t e ,  Thus, the rudimentary 
chemical different iat ion in the F1 cleavage was i n i t i a l l y  enhanced 
during the thermal metamorphism and thereby produced a good microsco2ic 
fo l i a t ion  in the  qpper greenschist facies.  
A t  higher grades, the b io t i te ,  while s t i l l  p a r t i a l l y  mimicking 
oriented throughout the rock. The i n t e r f o l i a l  areas characterized 
at low grades by rounded q m t z  grains with overgrowths intergrcni  
with stroxg3.y oriented ser ic i te ,  recrys ta l l ize  a s  l e s s  well-oriented 
grains in qwtz-muscovite-bioti te lenses. Qutzrtz grains adJacent 
t o  b i o t i t e  flakes undergo solution and redeposition as  the quartz 
grains f l a t t e n  p a r a l l e l  t o  the basal p la tes  of the  b i o t i t e  flakes. 
This type of 'bressure s o l u t i o ~ "  i s  probably controlled by the  energy 
relationships of c rys t a l  interfaces between quartz and b i o t i t e o  
I n  the higher metamorphic grades most of the  garnets s a w  across, 
and include the  mimetically recrystal l ized S1 fabric.  However, a 
few garnets show e i ther  ro ta t ion  a f t e r  growth (plate 6A.) or, i n  r a re  
cases, some growth during ro ta t ion  (plate 6 ~ ) ,  These r a re  rotat ions 
a re  the only evidence of movement i n  the Siamo Slate  during the thermal 
metamorphism, and a r e  re la ted  t o  the  s'poradically developed l i n e a t i o ~ .  
The weak deformation, F2, i s  considered t o  have occurred af%er the 
climax of metamorphism when some p las t i c  adjustments and growth of 
garnet were possible without causing cataclasis of the  rock fabric ,  
A widespread retro.gessive metamorphism occurred a f t e r  the 
reg ioml  thermal metamorphism and was characterized by growth 
of large, well-crystallized pennine chlori te  crystals  across a11 
ea r l i e r  fabric  elements (Plate 6~ t o  H) . This retrogressive event 
was noted by James (1955) t o  be present in most of the surrounding 
rocks as well a s  the  Siamo Slate ,  
SIGNIFICANCE OF TEXTURES IN RELATION TO THE CONTROLS OF METAMORPHISM 
Concepts of the controls of metamorphism have changed considerably 
since Van Hise (lg&) proposed that  metamorphism was of two fundemental 
types, ka;ta;morphism and anamorphism, which could be correlated roughly 
with levels  i n  the earth's crust.  Harker (1932) considered metamorphism 
t o  be e i ther  thermal or dynamic i n  nature, or a combination thereof. 
In considering dynamic metamorphism, h r k e r  made an important dis t inct ion 
between the -hydrostatic s t a t e  of s t r e s s  and shearing s t ress .  He 
pointed out tha t  the mean s t r e s s  and the s t ress  difference are independent 
variables, but concluded t h a t  the maximm st ress  difference a rock 
could sustain i s  inversely pro?ortional t o  the temperature (ibid. p. 183). 
P
Harker contended that, i n  most conditions, the maximm s t r e s s  difference 
was attained during metamorphism, and thus the normal case of regional 
metamorphism was of large s t r e s s  differences at low temperatures and 
low s t ress  differences at high temperatures. Cases where deficient 
shearing s t r e s s  appear t o  have existed were se t  aside as  exceptional. 
Harker (1932) also contended that shearing s t r e s s  was an imor tant  
control on the f i e lds  of s t a b i l i t y  of various minerals, and he developed 
the s tress-ant is t ress  mineral concept (ibid. p. 147-151). This view 
-
i s  discounted today (e.g., Pitcher and Flinn, 1965, p. l l ) ,  and it i s  
generally ujheld tha t  temperature i s  the most inportant control on 
the mineral assemblages developed (e -.g d. , Winkler, 1967) with confining 
pressure a subordinate factor .  Shearing s t r e s s  i s  thought t o  ham 
no influence on the kinds of mineral reactions tha t  occur, a l t h o w  
ra t e s  of reaction are  increased by deformation ( ~ a c h i l l e  and Roy, ~ $ 4 ) ~  
Until  recently, it had b e e ~  customry t o  regard regional metamorphism 
as occurring a t  moderate t a  high confining pressures with variable 
temperatwes, and the Barrovian progression of zoQes was regarded a s  
typica l ,  Miyashiro (1961) introcluced the concept of metamorphic facies  
series,  and pointed out tha t  the %rrovian zonation i s  merely a high- 
pressure member of a whole family of possible metamorphic facies  ser ies;  
the Abukwna Series i n  Japan formed a t  much lower confining pressures. 
Winkler (1967) pointed out tha t  pressure should be considered i n  terms 
of both the pressares exerted on the rock by the overlying rocks (P1-- 
the l i t h o s t a t i c  pressure), and the pressure borne by the f lu ids  within 
the rock ( P ~ ) .  Willlrler did not consider i t s  ro le  i n  metamorphic rocks. 
Nevertheless, W W e r  (ibid., - p. 2 )  recognized two tyges of regional 
metamorphism 
(1) regional dynamothermal metamorphism, and 
(2) regional bur ia l  metamorphism, 
dynamothermal metamorphism (p . 85) : - 
In contradistinction t o  the nearly isotropic, well-crystal- 
l i zed  fabr ic  of the hornfeles of contact metamorphism, re -  
gional metamorphic rocks bearing p la ty  or prismatic min- 
e ra l s  l i k e  aicas,  chlor i te  or amphibole therefore exhibit  
strong schis tosi ty .  
In his  section on regional dynamothermal metamorphism, Winkler considered 
(p. 86-7) the "thermal domes" of metamorphism i n  northern Michigan t o  
be ''a zonal succession very similar t o  tha t  i n  the Grampian Highlandst'. 
This view was supported by Ernst (1969, p. 133). While the isograds 
a re  indeed well  developed and simple i n  outline, the lack of both 
cataclasis  and oriented mineral growth i n  the metamorphic zmes of 
Northern Michigan c lear ly  contradict the c r i t e r i a  set  up f o r  regional 
metamorphism by Winkler and Ernst. 
Harker (1932, p e  183) argued tha t  i n  "normal regional metamorghismtt 
the s t r e s s  difference developed was equal t o  the maximum the rocks 
could sumort a t  a given temperature, In Harker's frame of reference, 
the Northern Michigan metamorphism would be regarded as  developed 
under "deficient shearing s t ress" .  Whether or not oriented fabr ics  
a re  indeed charac te r i s t ic  of "normal" regional metamorphism appears 
t o  be i n  question. Many recent metamorphic studies show t h a t  the 
metamorphic minerals grew i n  a "s ta t ic"  period between episodes of 
deformat io~  (e -.&. , Zwart, 1963; Pitcher and Flinn, 1955) and, a s  shown 
i n  t h i s  study, the  or ientat ion of micas may be strongly inher i ted from 
pre-exist ing fabr ics .  HsLrker's sketches (1932, Chapter IV) a l so  
support t h i s  important mimetic c rys t a l l i za t ion  i n  the  development of 
textures.  
On the basis  of mineral assemblages, Winlrler (1967, p .  127) 
considered the Northern Michigan metamorphism t o  have developed at 
confining pressures similar t o  those of the  northern New Hampshire 
fac ies  se r ies   reen en, 1963). However, t ex tura l ly  the anisotropic 
fabr ics  i n  northern New Hampshire a r e  quite d i s t i n c t  frora t he  annealed, 
isotropic  textures  i n  Northern Michigan. 
Strongly preferred or ientat ion may be caused by a high degree of 
p l a s t i c i t y  as much a s  by large s t r e s s  differences (~hompson, 1955)- 
A s  Rutland (1965, p. 129) suggested, and a s  i n  the Northern Michigan 
develop by mimetic c rys t a l l i za t ion  a f t e r  movement has ceased. Rast 
(1965 ) supported this view i n  comparing regional metamorphism t o  
annealing r ec rys t a l l i za t ion  i n  metals. Indeed, the  conclusion of 
sut ton (1965, p .  22) t h a t  
... regional metamorghism i s  essen t ia l ly  a thermal 
phenomenox, and that contact and dis locat ion meta- 
morphism a re  merely special  cases...  
may well be the key t o  understanding both the fabr ics  and the mineral 
assemblages develosed i n  regional metamorphism. 
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